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Introduction
In endovascular coil embolization of intracranial aneurysms, dense coil packing of the aneurysm sac is one of the most important factors to prevent aneurysm recurrence. [1] [2] [3] To achieve the densest possible coil packing, proper coil selection is important. Very soft coils are usually selected in the final stage of coil embolization, and a very soft coil is often called a ''finishing coil.'' [4] [5] [6] Recently, various types of finishing coils have been introduced by many companies. Each finishing coil has its own characteristics, including shape, stiffness, and size, and to know their differences is a key factor in ensuring better coil embolization and successful outcomes. Coils used for endovascular embolization have multiple structures, including stock wire, primary wind, and secondary wind. [7] [8] [9] Several papers investigating coil characteristics have been published, but they have been limited in the scope of their analysis of the properties of the coils. [8] [9] [10] However, finishing coils are usually used in more complicated situations. They are inserted into the coil mass formed by previously placed coils. In such a situation, it is difficult to observe the behavior and distribution of the inserted coils on microscopic images in addition to X-ray monitors, because the visibility of the coil is disturbed by the radiopaque coils. The authors developed a radiolucent coil for experimental study that has similar characteristics to the usual platinum coils. When using radiolucent coils, only the newly inserted coils are radiopaque and visualized on X-ray imaging. They are clearly distinguished from the previously placed radiolucent coil mass. In this study, the characteristics of various types of finishing coils were investigated by a silicone aneurysm model filled with radiolucent coils.
Materials and methods

Radiolucent coil
The experimental coil was made of thin nylon thread, which is often used as fishing line. The pitch of the stock wire was 0.090 mm. The primary coil wind was 0.014 in. The secondary coil diameter was designed as 4 mm with a helical loop to fit the size of the experimental aneurysm in this study (Figure 1 )). An inner filament made of fluorocarbon was attached centrally in the primary winding of the coil. The stiffness of the inner filament was selected to simulate the 18 type standard platinum coil. The coil length was set to 4 cm in this study. This coil was provided by the same production lines for usual platinum coils except for the material, with nylon thread substituted for platinum filament.
This experimental coil is not radiopaque, and it is not visualized under fluoroscopy. Therefore, it was called a ''radiolucent coil.'' The stiffness and performance of the radiolucent coil were confirmed to be similar to the 18 type platinum coil in the preliminary experiment.
Experimental aneurysm model
Experimental aneurysm embolization was performed with a silicone dummy aneurysm. The aneurysm simulated the shape of a round aneurysm located at a T-shaped bifurcation of the parent artery. The dome was 5 mm in diameter, and the parent artery diameter was 3 mm. The aneurysmal sac was filled with radiolucent coils to reach an embolization ratio of approximately 30%, simulating the final stage of embolization ( Figure 1(c) ). Radiolucent coils were inserted under direct view with a microscope. To avoid the compartmentalization of radiolucent coils after coil insertion, the mass of radiolucent coils was repeatedly prepared. 
Experimental embolization
The experimental embolization was performed at a constant speed by a machine, since manual coil insertion by a human operator might affect the result. The insertion speed was set at 1.0 mm/s or 5.0 mm/s. The data were measured 10 times for each coil (five times for each speed by coil brand). The tip of the microcatheter was placed almost at the center of the aneurysm. The various types of finishing coils were inserted under balloon assist. The balloon catheter was largely inflated to avoid coil protrusion out of the aneurysmal sac and to fix the microcatheter as much as possible (Figure 1(d) ).
The coils used in this study were as follows: Target Ultra Helical (Stryker, Filemont, CA, USA), MicroPlex Hypersoft (HS) (Microvention, Tustin, CA, USA), Axium Helix (ev3, Irvine, CA, USA), ED Coil Extrasoft (ES) (Kaneka Medics, Osaka, Japan), and DeltaPlush (Codman Neurovascular, Raynam, MA, USA). They were prepared to have a diameter of 2 mm and a length of 3 cm. Each coil was inserted 2 cm into the aneurysm to compare coil properties and to avoid the effects of detachment between the coil and the delivery system, as well the coil stretch-resistance system. 4,5
Evaluation
The movement and behavior of the coil during insertion were observed on the X-ray monitor and microscopic images. Performances of finishing coils were assessed by experienced interventionists although it was difficult to objectively analyze the coil characteristics from the video findings. Therefore, to evaluate the coil characteristics objectively, the authors investigated three evaluation indices from the X-ray images after coil insertion. The three indices, i.e. ''area,'' ''perimeter,'' and ''circularity'' of the inserted coils, were calculated with image analysis software (Pict Area, Inet, Osaka, Japan). The circumference of the coil mass on each image was manually plotted, and then the software automatically calculated the three above-mentioned indices (Figure 2 (a) and (b)). Area (in mm 2 ) is a field inside the circumference of the coil mass. Perimeter (in mm) is a length of the circumference of the coil mass. Circularity is a value that expresses the complexity of the two-dimensional figure. The maximum circularity is 1 in a perfect circle, and it becomes small when a figure is complicated. X-ray images were analyzed in the lateral and anteroposterior directions. The data obtained at the two insertion speeds were evaluated for each coil.
Statistical analysis was performed using SPSS Statistics Version 22 (IBM, Armonk, NY, USA). Kruskal-Wallis analysis was used for analysis of variance among the five coil groups, and Dunn analysis (provided in the Kruskal-Wallis analysis process in SPSS) was used for multiple comparisons. Mann-Whitney analysis was used to compare the data between the two insertion speeds for each coil. A value of p < 0.05 was considered significant.
Results
Representative images of each coil are shown in Figure 2 (c) to (g). The results for area, perimeter, and circularity are shown in Figures 3-5 , respectively. Each index was generally ranked in order by coil brand.
In the analyses of area and perimeter, there were significant differences in multiple comparisons (p < 0.001 at both 1 and 5 mm/s for area; p ¼ 0.006 at 1 mm/s and p ¼ 0.001 at 5 mm/s for perimeter). There were no significant differences in circularity (p ¼ 0.548 at 1 mm/s and p ¼ 0.283 at 5 mm/s).
The area score was higher for Target Ultra and MicroPlex HS, followed by Axium Helix and ED Coil ES, and lowest for DeltaPlush ( Figure 3 ). There were significant differences as follows: DeltaPlush and Target Ultra (p ¼ 0.001) and Delta Plush and ED Coil ES (p ¼ 0.001) at 1 mm/s; DeltaPlush and Target Ultra (p < 0.001), DeltaPlush and MicroPlex HS (p ¼ 0.002), ED Coil ES and Target Ultra (p ¼ 0.006), and ED Coil ES and MicroPlex HS (p ¼ 0.018) at 5 mm/s. The perimeter score was highest for Target Ultra followed by MicroPlex HS, lower for Axium Helix and ED Coil ES, and lowest for DeltaPlush ( Figure 4 ). There were significant differences between: DeltaPlush and Target Ultra (p ¼ 0.019), DeltaPlush and MicroPlex HS (p ¼ 0.031) at 1 mm/s; and DeltaPlush and Target Ultra (p ¼ 0.002), and DeltaPlush and MicroPlex HS (p ¼ 0.004) at 5 mm/s. The circularity score was higher for DeltaPlush, as well as for ED Coil ES ( Figure 5 ), although there were no significant differences among the five groups.
Concerning the comparison between insertion speeds, there were no significant differences except for MicroPlex HS and ED Coil ES in the area analysis (p ¼ 0.011 and p ¼ 0.019, respectively).
Discussion
In endovascular coil embolization for an intracranial aneurysm, proper coil selection is important to achieve dense coil packing. Recently, various types of coils have been developed, and very soft coils are among them. Very soft coils (finishing coils) are preferred in the final stage of coil embolization to achieve dense coil packing of the aneurysm sac. To know their differences, it is mandatory to examine them after some coils have already been inserted into the aneurysm.
Several papers investigating coil characteristics have already been published, although they only evaluated the situation of the first coil insertion or evaluated the physical properties of the materials. [8] [9] [10] [11] [12] With that in mind, the authors developed a radiolucent coil for experimental study. When using radiolucent coils, the usual inserted platinum coils are radiopaque and visualized on X-ray images. They are clearly distinguished from the radiolucent coil mass.
To the best of our knowledge, this is the first report to investigate coil performance in an experimental aneurysm already filled with some coils. The characteristics of the finishing coils were evaluated, and their differences were demonstrated in this study. 
Radiolucent coil
In this study, the authors simulated the final stage of embolization to set the volume embolization ratio at approximately 30% with radiolucent coils. Radiolucent coils produce various situations of embolization, including the filling stage with roughly packed aneurysms or compartmentally embolized aneurysms. They can simulate every stage of embolization except for the framing with the first coil. Investigation of coil characteristics with radiolucent coils will provide data useful for appropriate coil selection in actual clinical settings.
Coil characteristics
From the results obtained in this study, finishing coils were divided into three groups: 1. Target Ultra Helical and MicroPlex HS; 2. Axium Helix and ED Coil ES; and 3. Delta Plush.
Target Ultra Helical and MicroPlex Hypersoft
These coils had the highest area and perimeter scores and lower circularity scores. From the videos during coil insertions, the authors had the personal impression that they were less likely to make a compartment and had the tendency to expand in the remaining spaces. Several coil loops reached the remote remaining space inside the translucent coils.
It seems that Target Ultra Helical and MicroPlex HS are better for embolizing the space that remains inside the coil mass, usually early in finishing, although they can be used from beginning to end in finishing. 
Axium Helix and ED Coil Extrasoft
Axium Helix and ED Coil ES presented a balanced coil distribution, and this was confirmed in the movie during coil insertion. They entered into the remaining spaces inside the translucent coil mass with less creation of a small compartment.
The Axium system is designed with a thicker primary coil diameter to achieve higher volumetric filling compared with the usual 0.010 type coils, 13 and the Axium 2 mm is the coil available with a 0.0115 outer diameter. However, that difference was not evident in the present study.
In our opinion, Axium Helix and ED Coil ES have balanced performance as finishing coils, and they are adapted through the finishing stage and they are better for embolizing in the midst of finishing.
DeltaPlush
DeltaPlush demonstrated the most characteristic findings. It had the tendency to develop a small coil compartment around the tip of the microcatheter, with a higher circularity score and the lowest area and perimeter scores.
DeltaPlush has a unique primary coil design with a triangular wind compared to the circular primary wind in other coils. 12 This structure may explain the results for DeltaPlush.
The authors think that DeltaPlush is suitable for embolizing the small remnant space and compartment around the tip of the microcatheter without protrusion of coil loops, (usually end of finishing).
Insertion method
There were some differences in the three evaluation indices between the insertion speeds. However, the influences of speed varied depending on the coil brand, and there was no consistent tendency.
Only MicroPlex HS and ED Coil ES showed significant differences on area analysis. The reasons for these results were not determined, but the authors considered that these results might reflect the specific characteristics of each coil. It is often observed that coil performance and distribution varies depending on the insertion speed in clinical experiences. Previous papers have reported that ED Coil ES is extremely soft with excellent operability. 4, 14 These characteristics of the ED Coil could lead to wide distribution under a low insertion speed.
Previous papers have reported the relationships among coil insertion speed, insertion force, and friction in the situation of first coil placement. [15] [16] [17] Unfortunately, insertion force was not measured in the present study, and the influences of force on coil distribution remain uninvestigated. The relationships between insertion force and coil performance warrant further investigation.
Limitations
There are some limitations in this study. The balloon microcatheter was inflated to stabilize the microcatheter. Balloon inflation might disturb the movement of the microcatheter tip (painting, kickback, or repositioning), 4, 5 and that might have some effect on the results of coiling. Additionally, the experimental aneurysm used in this study was a silicone aneurysm without pulsatile flow. Coil interaction under blood flow and differences in friction between the silicone model and the in vivo vascular wall were not taken into account. However, the results obtained reflect actual clinical experience. Since only a limited type of coils was evaluated, and complex finishing coils were not examined in this study, further research with a greater variety of coils (brands, shapes, diameters, and length) is warranted. In addition, data for various volume embolization ratios will provide more clinically useful findings.
Conclusions
The characteristics of various finishing coils were evaluated in an experimental model with radiolucent coils. The results obtained reflect actual clinical experience and the impressions of finishing coils in the final stage of coil embolization. They will provide useful information to appropriately select the finishing coil.
